This chapter describes the effect of SiC particle concentrations on the metallic continuous phase of the coating and the effect of heat treatment on the crystalline structure, hardness, and wear resistance of electrodeposited Ni-P-SiC coatings. The deposits were obtained via electrodeposition onto an AISI 1018 steel electrode and then heat treated at various temperatures ranging from 300 °C to 600 °C for 60 min in air. The tribological characteristics studied included hardness, friction coefficient, and wear resistance. The results indicated that the dispersion of SiC particles in the metallic matrix improves coating tribological properties such as hardness and wear resistance while diminishing the friction coefficient. The Ni-P-SiC alloy was originally amorphous and was transformed into a mixture of amorphous and crystalline phases when was thermally treated in the range from 400 °C to 500 °C. This phase transformation was associated with the precipitation of a mixture of Ni 3 P intermetallic compound and pure Ni crystals. In addition, the results showed that the wear resistance of the Ni-P-SiC coating increased with hardness. The maximum hardness (1453.4 HV) was obtained when the Ni-P-SiC coatings were thermally treated at 500 °C.
Introduction
Electrodeposition as an industrial activity has been practiced for over 150 years. Currently, the electrodeposition industry is undergoing fundamental changes as a result of environmental concerns, which increasingly necessitate that certain established plating processes be replaced with more environmentally friendly technologies. The development of "clean" technologies in the electroplating industry is an essential task required and initiated by environmental protection laws worldwide [1] . From an environmental point of view, chromium (Cr) electrodeposition, which occurs in a wide range of industrial applications in the automotive, aerospace, mining, and petrochemical fields [2] , is undoubtedly one of the most damaging electrodeposition processes. In environmental regulations, chromic acid (CrO 3 ), which is mainly used in hard Cr plating, has been recognized as both highly toxic and carcinogenic and was identified by the U.S. Environmental Protection Agency (EPA) as one of 17 high-priority toxic chemicals [3] . Consequently, the use of hexavalent chromates requires special waste disposal methods and expensive breathing apparatus, and exhaust systems must be employed to address emissions during processing. For these reasons, substitute materials and new designs have been under study for many years. Alloy electrodeposition alternative systems including Ni-W, Ni-P, and Co-W have been considered to replace conventional hard Cr deposition [4, 5] . Unfortunately, it is challenging to replace Cr because of its comprehensively favorable material properties, including high hardness, low friction coefficient, and excellent wear and corrosion resistance. A possible approach for the preparation of Ni-based alloy coatings as an alternative to hard Cr is to introduce the new concept of functionally graded deposits (FGDs), which originally evolved from the application of functionally graded materials (FGMs) in which a property gradient arises from position-dependent chemical composition, microstructure, or atomic order [6, 7] . Wang et al. [8] found that Ni-P deposits that were heat treated at 400 °C exhibited more than two orders of magnitude higher corrosion resistance than hard Cr deposits. It was found in our previous research that the hardness of Ni-P alloys after heat treatment at 500 °C is close to that of conventional hard Cr [9] and that they exhibited better wear resistance than hard Cr.
Alternatives such as composite coatings have been investigated in recent years. A study on Ni-P-Si 3 N 4 composite deposition revealed that increasing the Si 3 N 4 content in the deposit greatly increases the hardness and that the wear resistance of the Ni-P-Si 3 N 4 composite deposit is four times higher than that of the Ni-P deposit [10] . Other reports [11, 12] have concluded that the addition of hard microceramic particles (SiC, Si 3 N 4 , Al 2 O 3 , WC, B 4 C, BN, CNTs) to the metal matrix can improve its hardness and wear resistance.
An important condition to enhance the hardness of the obtained coatings is by using particles with an average size of less than 1 μm evenly distributed on the surface. In these sense, Guo et al. [13] showed that the presence of carbon nanotubes (CNTs) in the composite coatings improves toughness, strength, and corrosion resistance of the coatings. Likewise, the addition of boron nitride (BN) particles (0.5 μm) to Ni coatings was studied by Pompei et al. [14] , and the results showed that Ni-BN coatings present more hardener and wear resistance than those with neat Ni. Similarly, Malfatti et al. [15] found that the incorporation of SiC particles in Ni-P coatings results in higher polarization resistance (lower electrochemical activity) compared to coatings containing only the metallic matrix (Ni-P) for heat-treated specimens. This behavior was associated with a lower superficial active area produced by the nonconductive SiC particles.
Additionally, Zhang et al. [16] and Farzaneh et al. [17] found that Ni-P-SiC composite coatings with high SiC content exhibit better oxidation resistance than Ni-P coatings. Furthermore, Hansal et al. [18] demonstrated that the application of pulse current leads to a more compact composite coating that significantly improves the hardness and tribological behavior of the Ni-P-SiC deposits.
The aim of this work was to study the effect of SiC particle concentrations on the metallic continuous phase of the coating and the effect of heat treatment on the crystalline structure, hardness, and wear resistance of electrodeposited Ni-P-SiC coatings.
Materials and methods

Turbiscan lab expert stability analyses
The obtention of the Ni-P-SiC coatings require the stable dispersion of the SiC particles in the electrolytic bath. An efficient and widely employed method to achieve the effective dispersion of the particles is through the modification of the particle surfaces via the adsorption of a watersoluble polymer [19, 20] . The high stability of the suspensions using this methodology is mainly related to electrostatic and steric mechanisms.
The adsorption of cationic surfactant molecules around the SiC particles causes a net positive charge on its surface as a result of increased electrostatic repulsion and steric hindrance between SiCPs. This phenomenon facilitates the migration of the particles toward the surface of the cathode, where they are dispersed during the formation of the Ni-P/SiC coating.
The effect of the surfactant concentration on the stability of SiCPs in an electrolytic bath was studied throughout the next procedure: 0.0625 g of SiC particles (99.9%, 100 nm, SkySpring Nanomaterials, Inc.) was added to 25 The stability of the SiCPs suspended in solution was measured using the methodology describes by Trejo et al. [21] . The typical transmission and backscattering profiles of SiCPs in the electrolytic bath without surfactant CTAB are shown in Figure 1. 
Electrodeposition of Ni-P/SiC composites
Ni-P-SiC electrodeposits were obtained from a modified Watts Ni bath (solution S: 0. SiC (x = 0.00125, 0.0025, 0.005, 0.01, 0.015, or 0.02) using a parallel plate cell with an inter-electrode distance of 5 cm. The solutions were prepared immediately prior to each experiment using deionized water (18 MΩ cm) and analytical-grade reagents of the highest purity available (Sigma-Aldrich). The temperature of the electrolytic bath was controlled at 25 °C. Ni plates (99%, Atotech) were used as the anodes, and a plate of AISI 1018 steel of exposed area 10 × 15 cm 2 was used as the cathode. All reagents were analytical grade.
The electrodeposition current density was selected on the basis of additional tests using a Hull cell. The coatings obtained were of commercial quality, which is suitable for industrial application.
Morphological and tribological characterization
Crystalline phases were identified by powder X-ray diffraction (XRD) using a Bruker diffractometer model D8 Advance (Bragg-Brentano arrangement, Cu rotating anode). The samples were evaluated over the 2θ range from 30° to 95° at a rate of 0.2° s -1 .
Glow discharge spectrometer (GDS) (Leco, Mod. 850A) was employed to obtain elemental composition of the coatings as a function of depth into the coatings.
The coatings hardness value was the average of ten measurements obtained on a Matsuzawa MXT-α7 on the Vickers scale with a load kept at 10 g for 15 s.
A reciprocating ball-on-disk tribometer (CSM tribometer instruments) was used to wear tests. All tests were nonlubricated and carried out under dry at 25 °C temperature and relative humidity of 39%. A 3-mm AISI 8620 ball bearing was used as the counter body under a 2-N load at a sliding speed of 1 cm s -1 . The friction coefficient of the three wear tests was recorded, and the wear volume was measured according to the ASTM G99 standard method.
Results and discussion
SiC Particle (SiCP) suspension stability measurements
The transmission profile ( Figure 1a ) shows a rapid increase in the transmittance signal from the first scans and remains stable in the 1-to 50-mm range. Additionally, the transmittance signal increased with time, a behavior that is indicative of the formation of a clarifying zone in this region ( Figure 1b) . Additionally, the backscattering profile ( Figure 1c ) shows an increase in the backscattering signals as a function of time, which is the characteristic of an increase in particle size. This behavior is related to a phenomenon called differential sedimentation [22] . These results revealed that unstable suspensions of SiCPs were obtained when a surfactant was not used. The above results revealed that stable suspensions (less than 10% transmission during the first 13 h) of SiCPs were obtained when DTAB was used as a surfactant. During the time period from 0 to 13 h, the ∆H value of the aqueous SiCP suspensions with both 0.08 and 0.10 mM CTAB was only 0.85 mm, whereas for the suspension without surfactant, ∆H was 48 mm beginning in the first minutes of the experiment. After 20 h, the ∆H value of the aqueous SiCP suspension with 0.08 mM CTAB was only 6.92 mm.
The greater stability of the SiCPs in the suspension with the dispersant is attributed to the modification of the solid surfaces of the SiC particles via the adsorption of CTAB. Because of its spatial structure and hydrophilic functional groups, CTAB can enhance the electrostatic repulsion and steric hindrance between SiC particles. 
Electrodeposition of composite Ni-P-SiC: Influence of the concentration of SiC particles in solution, on the composition of SiC particles in the matrix Ni-P-SiC composites
Hull cell studies and electrodeposition of Ni-P-SiC composites
A Hull electrochemical cell was used as a first step to find the suitable values of current density that promote uniform coatings of Ni-P-SiC. Prior to the test, an AISI 1018 steel plate was pickled and activated. For pickling, the steel plate was immersed in a 30% HCl solution for 10 s, immediately washed, and then subsequently activated by its immersion in a 10% HCl solution. Immediately after activation, the AISI 1018 steel plate was submerged in a Hull cell containing solution S (= 0. SiC (x = 0.00125, 0.0025, 0.005, 0.01, 0.015, or 0.02) (see Figure 4a ). Each test was repeated three times for each given SiC concentration. Tests were performed by applying a current of 1 A for 12 min. Ni plates (99%, Atotech) were used as the anodes. ) was used as an electrolyte. 
Characterization of Ni-P-SiC composites
Glow discharge spectroscopy (GDS) was used to obtain the elemental composition profiles of Ni-P-SiC coatings obtained from S solutions having different SiC concentrations. The analysis of the sample was performed at successive depths until the substrate (Fe) was reached. Figure 6 shows a typical composition profile obtained by GDS. The thickness of the coating was approximately 15 μm. At the surface of the coating, a higher concentration of oxygen was present, presumably indicating surface oxidation. After the oxide layer was removed from the surface, Ni, P, Si, and C were observed; in the range of 2.5 to 25 μm, the composition of Ni and P changed slightly as a function of depth, whereas the Si concentration remained constant but increased inside the AISI 1018 steel matrix. Additionally, the oxygen concentration decreased. A similar behavior was observed for all the SiC concentration values tested. SiC.
Figure. 
Microhardness of Ni-P-SiC electrodeposits
The microhardness of the Ni-P-SiC coatings with different SiC concentrations was measured. Figure 9 illustrates the surface microhardness of the electrodeposited Ni-P-SiC coatings as a function of the SiC concentration in the metallic matrix. As observed from the curve, the hardness of the coating increases to values in the range of 580 to 620 HV when SiC particles are dispersed in the metallic matrix. This behavior is associated with increased hard sites. Despite such increases, the obtained hardness was less than that of a hard Cr coating, which has a microhardness of 1020 HV [24] .
Wear resistance
To understand the wear mechanism of the electrodeposited Ni-P-SiC composite coatings, the wear track patterns were studied by SEM. As shown in Figure 10 , there were many adhesive tearing and plough lines in the sliding direction. Compared to the other Ni-P-SiC coatings, the coating with 0.52 at.% SiC (Figure 10e ) exhibited the narrowest and shallowest plough lines. These findings indicated that the coating with 0.52 at.% SiC had the best wear resistance. Figure 12 shows the behavior of the values of the friction coefficients of the Ni-P-SiC coatings obtained. After 5000 cycles, the coating Ni-P-SiC with 0.6 at.% had the lowest value of friction coefficient (0.12 μ), which is similar to the value measured for a hard Cr coating (0.11 μ). 
Friction coefficients
Effects of heat treatment on the tribological properties of electrodeposited Ni-P-SiC composites
Over the last two decades, a variety of surface engineering processes have been developed to enhance the wear resistance, hardness, and corrosion performance of materials. Today, Ni-P alloys are widely used in the aerospace, automotive, and electronic industries because they possess a high degree of hardness, wear resistance, and corrosion resistance, as well as a low friction coefficient [25] [26] [27] [28] . In this regard, Malfatti et al. [29] found that the transition from crystalline to amorphous structures occurs progressively over the range of several atomic percent of P and that as-deposited Ni-P coatings are amorphous when the P content exceeds 15 at.%. In contrast, the amorphous alloys can be crystallized via heat treatment, followed by decomposition to nickel phosphide (Ni 3 P) and face-centered cubic (fcc) Ni crystals at temperatures above 350 °C [30] . The tribological characteristics of the Ni-P coatings can generally be improved via an appropriate heat treatment [31] [32] [33] , which can be attributed to precipitation of fine Ni crystallites and hard intermetallic Ni 3 P particles during the crystallization of the amorphous phase [34] . In this respect, the wear resistance of the Ni-P alloys increases after heat treatment [35] . Moreover, Wang et al. [8] recently showed that Ni-P electroless coatings heat treated at 400 °C exhibited corrosion resistances of over two orders of magnitude better than hard Cr deposits.
The aim of this section was to study the effects of heat treatment on the physical properties of electrodeposited Ni-P-SiC coatings, including their crystalline structure, hardness, and resistance to wear. SiC, with a pH of 1.5 adjusted with 1 M HCl) (solution S 1 ). These solutions were prepared immediately prior to each experiment using deionized water (18 MΩ cm) and analytical-grade reagents of the highest purity available (Sigma-Aldrich).
Materials and methods
Ni
The Ni-P-SiC coatings were obtained via electrodeposition of solution S 1 under galvanostatic conditions. The coatings were then annealed in air for 60 min at one of four temperatures: 300°C , 400 °C, 500 °C, or 600 °C.
An atomic force microscope (AFM) (Digital Instruments, Mod. Nanoscope E) was used in contact mode to image the deposited Ni-P-SiC on the steel substrate. These measurements were performed in air (ex situ) using silicon nitride AFM tips (Digital Instruments). All images were obtained at 2 Hz and are represented in the so-called height mode, in which the highest portions appear brighter.
The deposited phases were identified via X-ray diffraction (XRD) using a Bruker diffractometer (Mod. D8 Advance) (Bragg-Brentano arrangement) with CuKα radiation (λ = 1.54 Å). The range of 2θ from 40° to 95° was recorded at a rate of 0.2° s -1 .
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The elemental composition of the coatings as a function of the thickness was obtained using a glow discharge spectrometer (GDS) (Leco, Mod. 850A).
Hardness was measured with a Matsuzawa MXT-ALFA Vickers microhardness tester with a 10-g load applied for 15 s. The final value quoted for the coating hardness was the average of ten measurements.
Wear tests were performed on a reciprocating ball-on-disk tribometer (CSM tribometer) in air at a temperature of approximately 25 °C and a relative humidity of approximately 39% under dry, nonlubricated conditions. Balls (3 mm diameter) made of AISI 8620 with a hardness of 25 HRC were used as the counter body in the wear tests. All wear tests were performed under a 2-N load at a sliding speed of 1 cm s -1 . The friction coefficient and the sliding time were automatically recorded during the test. The wear volume was measured according to the ASTM G99 standard method. Three wear tests were conducted for each sample.
Results
Electrodeposition of Ni-P-SiC composites
Hull cell tests were performed using an S solution + 0.084 mM DTAB + 0.02 g/mL SiC, an applied current of 1 A, and a test time of 12 min. Each test was repeated three times. The typical behavior obtained for this system is shown in Figure 13 . SiC. Figure 13 indicates that homogeneous coatings can be obtained when current densities (j) between 0.021 and 0.003 A cm 
Thermal treatment
The Ni-P-SiC composite coatings obtained in the previous section were thermally annealed at different temperatures: 300 °C, 400 °C, 500 °C, and 600 °C for 60 min. Each test was repeated three times for each temperature set point. Figure 15 shows the Ni-P-SiC plates after annealing. Annealed Ni-P-SiC coatings exhibit evident changes in surface morphology with respect to their nonannealed counterparts (see Figure 14) . Figure 16 shows the typical concentration profile of a Ni-P-SiC coating after thermal annealing. The oxygen found on the coating surface is associated with superficial oxidation. After removing the oxide layer, a constant composition of Ni and P is observed through the entire coating thickness (24 μm). The Si concentration, however, is lower in the upper layers of the coating (5 to 22 μm) and increases in the deeper layers (22.5 to 25 μm). A similar behavior was observed for all the analyzed coatings. SiC. Table 1 shows the variation of SiC content in the Ni-P-SiC coating matrix after thermal annealing at different temperatures. A decrease in Si content is observed on thermally treated coatings. An approximate 57% loss of Si was observed in the range of 300 °C to 500 °C and increased to 70% when the coating was annealed at 600 °C. This observed behavior could be related to the detachment of SiC particles from the coating matrix during thermal annealing, which is corroborated by composition profile analysis. GDS composition profiles show that the SiC composition remains constant inside a certain range of the coating thickness but increases at the deepest point. This indicates that SiC particle detachment occurs in the upper and middle coating layers. Table 1 . Atomic percentages of Si in the Ni-P-SiC composite coatings after 60 min thermal annealing at different temperatures. Figure 17 shows the XRD patterns for the Ni-P-SiC coatings without heat treatment and with heat treatment (60 min) at different temperatures. Without heat treatment and at annealing temperatures below 400 °C, only a small broad peak appears in the XRD patterns, suggesting an amorphous structure without phase transition. However, when the heat treatment temperature was close to 500 °C, the structure became crystalline and the XRD pattern shows new sharp peaks corresponding to crystalline fcc Ni (JCP2 04-0850) and Ni 3 P (JCP2 89-2743). The transition can be related to the crystallization of neat Ni and the consecutive precipitation of Ni 3 P from the supersaturated Ni-P solid solution [30, 13, [37] [38] . Studies of similar systems [39] [40] [41] have established that amorphous Ni-P alloys are less dense than crystalline Ni-P alloys, and as consequence, the transition from amorphous to crystalline structure is accompanied by a volume contraction [13] . In agreement with this statement, after the thermal treatment at 500°C of the Ni-P-SiC composites, a signal corresponding to SiC particles appears. 
Glow discharge spectroscopy characterization
XRD characterization
AFM characterization
AFM in contact mode was used to obtain images of the Ni-P-SiC coatings both with and without heat treatment for 60 min at different temperatures. Figure 18 shows the AFM images obtained from Ni-P-SiC coatings thermally treated at different temperatures: without thermal annealing, 300 °C, 400 °C, 500 °C, and 600 °C. When the coating was treated at 300 °C ( Figure  18b ), an amorphous structure containing some crystals was observed; these crystals are associated with the initial formation of the Ni 3 P species. At 500 °C (Figure 18d ), a larger quantity of crystals associated with the formation of the Ni 3 P species was observed in addition to smaller crystals corresponding to fcc Ni. Finally, at 600 °C (Figure 18e ), the entire surface was covered with Ni 3 P and Ni crystals. These results confirm the phase transition and formation of the Ni 3 P and fcc Ni species observed by XRD. Figure 19 shows the surface microhardness of the Ni-P-SiC composites as a function of the annealing temperature. When the annealing temperature was less than 400 °C, a slight increase in the hardness values is observed; however, when the heat treatment was in the range of 400°C to 500 °C, the hardness value change significantly (from 1057.2 HV to 1453.4 HV). This increase in hardness was associated with a structural change due to the formation of hard intermetallic Ni 3 P particles within the Ni-P-SiC coating. The obtained hardness value of the Ni-P-SiC composites at 500 °C (1453.4 HV) is greater than that of a hard Cr coating, which a microhardness value of 1020 HV [24] . Finally, at annealing temperatures above 500 °C, the hardness of the Ni-P-SiC coating decreased sharply. At higher temperatures, the coating began to soften because the Ni 3 P particles conglomerated, reducing the number of hardening sites. This process also removes P and SiC from the alloy, producing a separate phase of soft Ni within the matrix and further reducing the bulk hardness. Figure 19 . Hardness of the electrodeposited Ni-P-SiC coatings after a 60-min heat treatment. Figure 20 shows the wear volume of the electrodeposited Ni-P-SiC coatings as a function of the annealing temperature. Once the coating began to harden to approximately 400 °C, the decrease in the wear volume was small. When the coating was heat treated at 500 °C, the wear volume decreased sharply (i.e., the wear resistance increased). The coating that was heat treated at 600 °C contained cracks in its surface that could negatively affect its abrasion resistance. Figure 21 shows the characteristic profile of the coefficient of friction of the Ni-P-SiC coatings without and with heat treatment at different temperatures. When the Ni-P-SiC coatings were treated at temperatures above 200 °C, the coefficient of friction rapidly reached equilibrium. After 1000 cycles, coatings treated at 500 °C had the lowest friction coefficient. 
Wear resistance
Friction coefficients
Conclusions
This work presents the results obtained from a study of the effects of both: SiC dispersion in the metallic matrix and thermal treatment on the tribological characteristics (hardness, wear resistance, and coefficient of friction) of electrodeposited Ni-P-SiC coatings.
Our results show that the dispersion of SiC particles in the metallic matrix improves coating tribological properties such as hardness and wear resistance while diminishing the friction coefficient.
The best results were obtained when a current density of 0.042 A/cm 2 was used in an electrolytic bath containing 0.02 g mL -1 of SiC. Such conditions produce a metallic matrix with a concentration of 0.52 at.% SiC particles that in turn increase the Ni-P hardness from 430 HV (for the case when SiC particles are absent) to 600 HV. Despite the observed enhancement in hardness, such values are still below those exhibited by hard Cr coatings (1020 HV).
The XRD results indicated that the Ni-P-SiC composites were amorphous in nature. Thermal treatment between 400 °C and 500 °C changed the microstructure of the Ni-P-SiC matrix from amorphous to crystalline. Thermally treating the Ni-P-SiC coatings at temperatures ≥500 °C transformed the amorphous alloy into a continuous Ni 3 P layer containing isolated Ni crystals.
An increased hardness and a decreased wear coefficient were observed after heat treatment for 60 min at 500 °C because of the formation of a Ni 3 P phase.
We also observed that the wear volume was inversely proportional to the microhardness of the deposits. As a result, the Ni-P-SiC coatings that were thermally treated at 500 °C possessed the greatest wear resistance; this resistance was superior even to that of hard Cr coatings.
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